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Imprinted genes play essential roles in development,
and their allelic expression is mediated by imprinting
control regions (ICRs). The Dlk1-Dio3 locus is among
the few imprinted domains controlled by a paternally
methylated ICR. The unmethylated maternal copy
activates imprinted expression early in development
through an unknown mechanism. We find that in
mouse embryonic stem cells (ESCs) and in blasto-
cysts, this function is linked tomaternal, bidirectional
expression of noncoding RNAs (ncRNAs) from the
ICR. Disruption of ICR ncRNA expression in ESCs
affected gene expression in cis, led to acquisition
of aberrant histone and DNA methylation, delayed
replication timing along the domain on the maternal
chromosome, and changed its subnuclear localiza-
tion. The epigenetic alterations persisted during dif-
ferentiation and affected the neurogenic potential
of the stem cells. Our data indicate that monoallelic
expression at an ICR of enhancer RNA-like ncRNAs
controls imprinted gene expression, epigenetic
maintenance processes, and DNA replication in
embryonic cells.
INTRODUCTION
Genomic imprinting is an epigenetic phenomenon in which
parentally inherited DNA methylation marks mediate parent-of-
origin specific monoallelic expression (Ferguson-Smith, 2011).
About 120 imprinted genes have been identified in mammals.
These are clustered in domains, each controlled by an essential
cis-regulatory element called imprinting control region (ICR).
ICRs are exceptional in that their allelic DNA methylation is
maintained throughout development (Kelsey and Feil, 2013).
When this maintenance process is perturbed in preimplantation
embryos, this severely affects their developmental potential
(Hirasawa and Feil, 2010).DeveThe role of differential DNA methylation is best understood
for ICRs that are methylated on the maternally inherited allele.
These ‘‘maternal ICRs’’ are all intragenic and comprise pro-
moters. Several of the maternal ICRs transcribe long noncoding
RNAs (ncRNAs) from the paternal allele which mediate gene
repression in cis (Ferguson-Smith, 2011). The allelic promoter
activity and associated histone modifications are thought
to protect the unmethylated paternal allele against aberrant
de novo DNA methylation in embryonic cells (Delaval et al.,
2007).
‘‘Paternal ICRs’’ are different and generally less well under-
stood. They are intergenic, do not have characteristic features
of promoters, and are not thought to be functionally linked to
ncRNAs (Ferguson-Smith, 2011; Kelsey and Feil, 2013). Here
we explored this issue further and analyzed the Dlk1-Dio3
imprinted domain on mouse chromosome 12 (Figure 1A),
controlled by a paternal ICR called the intergenic differen-
tially methylated region (IG-DMR) (da Rocha et al., 2008). This
1-megabase imprinted domain transcribes several ncRNA
genes from the maternal chromosome, including Gtl2 (also
called Meg3), a cluster of 53 microRNAs (Mirg locus), and 42
C/D box snoRNAs (the Rian/Meg8 locus). The paternal chromo-
some transcribes three developmentally important protein-cod-
ing genes, Dlk1, Rtl1 (Peg11), and Dio3. Targeting studies have
shown that the unmethylated maternal copy of the IG-DMR me-
diates the imprinted gene expression along the domain (Lin et al.,
2003).
To distinguish the parental chromosomes in our studies, we
derived embryonic stem (ES) cells that were hybrid between
M. m. domesticus and M. m. molossinus. ES derivation was
under serum-free conditions to ensure naive pluripotency and
faithful maintenance of methylation imprints (Leitch et al.,
2013; Wray et al., 2011). We find that in these stem cells, the
functional maternal allele of the IG-DMR displays bidirectional
transcription of nuclear ncRNAs and other hallmarks of active
enhancers. Exploration of stem cells and functional studies using
a stable shRNA-based approach indicate that the ncRNA
expression at the ICR is linked to allelic gene activation, epige-
netic maintenance, and early DNA replication timing. These find-
ings evoke an enhancer-based developmental mechanism of
genomic imprinting.lopmental Cell 31, 19–33, October 13, 2014 ª2014 Elsevier Inc. 19
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Figure 1. The IG-DMR ICR Displays
Enhancer-like RNA Expression on the
Maternal Chromosome
(A) Schematic presentation of the Dlk1-Dio3 locus.
Genes (rectangles) on the maternal (in red) and the
paternal (in blue) chromosome are depicted. Ar-
rows indicate the expression status in the embryo
(da Rocha et al., 2008). The ICR (IG-DMR, black
square) is methylated (lollipops) on its paternal
allele.
(B) RNA expression in ESCs explored by RT-PCR
at distinct regions (horizontal bars); ‘‘region 1’’, at
10-kb upstream of the IG-DMR, is not included in
the map. Lower part: 16 distinct transcripts iden-
tified by circular-RNA amplification followed by
50-RACE, with their orientation indicated when
known. RNA-Pol II peaks from (Brookes et al.,
2012) are indicated above (see also Figure S1E).
(C) RT-PCR analysis of IG-DMR region 9 in tissues
and BJ1 ESCs. Negative (-RT) and positive (18S
RNA) controls are included.
(D) RT-PCR RNA expression analysis at regions
1–10 in BJ1 ESCs.
(E) Allelic RT-PCR analysis at regions 8 and 9 in
BJ1 and JB1 ESCs. Arrowheads indicate SNPs
between C57BL/6J and JF1.
(F) RT-qPCR analysis of region 7 in biparental (BJ1
and WT-B1), androgenetic (AK2, and AG-B6), and
parthenogenetic (PGBT6 and PR8) ESCs. Relative
expression compared to Gapdh is put arbitrarily at
1 for BJ1. Data shown represent the mean ± SEM
of three replicates.
(G) Quantitative analysis of IG-DMR RNA (region 7)
relative to that of genes of the domain in BJ1 ESCs.
IG-DMR RNA expression was arbitrarily put at 1.
See also Figure S1. Data shown represent the
mean ± SEM of three replicates.
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The ICR of the Dlk1-Dio3 Domain Displays Enhancer
Features in Embryonic Stem Cells
Since the IG-DMR activates imprinted expression during devel-
opment (Lin et al., 2003), we explored whether this ICR displays
features of enhancers. In order to distinguish the parental chro-
mosomes, we derived hybrid ES lines between M. m. domesti-
cus strain C57BL/6J (carrying an Oct4-driven GFP transgene)
and M. m. molossinus strain JF1 (Koide et al., 1998). The recip-
rocal hybrid ESCs obtained (lines BJ1 and JB1 were analyzed20 Developmental Cell 31, 19–33, October 13, 2014 ª2014 Elsevier Inc.mostly in this study) showed uniform
expression of GFP (Figure S1A available
online) and of pluripotency genes (data
not shown); injection into blastocysts
yielded germline-competent chimeras
(Figure S1B). Bisulphite sequencing of
repeat elements and ICRs showed the ex-
pected DNA methylation patterns (data
not shown), similarly as for other ES lines
derived in 2i medium (Leitch et al., 2013).
TheGtl2,Rian,AK050713,Mirg, andRtl1/
Rtl1as genes at the Dlk1-Dio3 domain
showed unaltered expression levels (Fig-ure S6C). Concordantly, RNA expression analysis using single
nucleotide polymorphisms (SNPs) between C57BL/6J and JF1
showed unaltered maternal expression of Gtl2, Rian, Rtl1as,
and AK053394 in the embryonic stem cells (ESCs) (Figure S1C).
A general feature of enhancers is that they are bound by RNA
polymerase II (RNA-Pol II) initiation complexes (Calo and
Wysocka, 2013). Exploring genome-wide data sets, we noticed
RNA-Pol II binding at the IG-DMR in ESCs, but not in mouse em-
bryonic fibroblasts (MEFs) (Figures 1B and S1E). To confirm this
finding, chromatin immune-precipitation (ChIP) was performed
on BJ1 ESCs with an antibody against the nonphosphorylated
Developmental Cell
ICR ncRNA Expression Controls Genomic ImprintingC-terminal domain of RNA-Pol II (Marks et al., 2012). Quantitative
PCR (qPCR) on the bound chromatin confirmed RNA-Pol II
enrichment at the IG-DMR, and at the Gtl2 promoter, with little
precipitation at negative control regions (Hoxa11 and intracister-
nal A particles). Allelic studies also confirmed the specificity of
ChIP. In agreement with an earlier study (Terranova et al.,
2008), there was paternal RNA-Pol II enrichment at the Kvlqt1
differentially methylated region-1 (KvDMR1) ICR onmouse chro-
mosome 7, and at theGtl2 promoter, RNA-Pol II was detected on
thematernal allelemostly. At the IG-DMR, therewas biallelic pre-
cipitation, indicating a certain degree of RNA-Pol II association
to both the parental alleles (Figure S1F).
In contrast to active promoters, marked by H3-lysine-4 trime-
thylation (H3K4me3), active enhancers are marked by histone
H3-lysine-4 dimethylation (H3K4me2) and generally devoid of
H3K4me3 (Calo and Wysocka, 2013). In ESCs, the IG-DMR
shows H3K4me2 enrichment, but is not marked by H3K4me3.
In addition, there is local enrichment of H3-lysine-27 acetylation
(H3K27ac) (Figures S1E and S1G), another hallmark of active en-
hancers (Creyghton et al., 2010). H3K27ac and H3K4me2 are
present on the active maternal copy of the IG-DMR predomi-
nantly (Figures S1G and 6). Active enhancers are also character-
ized by increased sensitivity to nucleases (Calo and Wysocka,
2013). We find that in ESCs, the maternal allele of the IG-DMR
is slightly more sensitive to deoxyribonuclease-I than the
paternal allele (Figure S1H). These data show that the IG-DMR
ICR displays chromatin features characteristic of active en-
hancers on its maternal allele.
The IG-DMR Expresses Monoallelic Noncoding RNAs
Next, we explored whether there could be RNA transcription at
the IG-DMR. By RT-PCR, using a primer pair at the 30-end of
the IG-DMR, RNA was readily detected in ESCs (lines BJ1,
JB1, and others) and in neuronal tissues, but not in several other
adult tissues (Figures 1C and S6B). In MEFs, no RNA expression
was detected (data not shown), which agreed with a lack of
RNA-Pol II, H3K4me2, and H3K27ac at the IG-DMR in these
differentiated cells (Figure S1E). To explore whether IG-DMR
RNA expression is reacquired upon dedifferentiation, we
analyzed two induced pluripotent stem (iPS) cell lines (IPSC47
and IPSC49) obtained through reprogramming of mouse fibro-
blasts, which had both given rise to chimeras and germline
transmission (Stadtfeld et al., 2010). RNA expression was readily
detected at the IG-DMR in these iPS cells, similarly as in the
ESCs (Figures S3A and S3B).
Using random oligonucleotides for cDNA synthesis, RNA
expression was detected at multiple other regions along the
IG-DMR in BJ1 ESCs (Figure 1D and data not shown).
To rule out any clonal specificity in the IG-DMR RNA expres-
sion, we performed the analysis on seven additional ES lines.
In all these lines, there was RNA expression at the IG-DMR
(Figure S6B). SNPs between the parental genomes indicated
that the RNA originated from the maternal chromosome, in
a mouse strain-independent manner (Figure 1E, data not
shown). Expression levels measured in monoparental ES lines
confirmed this finding. Parthenogenetic (two maternal ge-
nomes) showed double the level of that of wild-type cells,
whereas androgenetic cells (two paternal genomes) showed
no expression (Figure 1F).DeveThrough circular RNA amplification we identified 16 specific
RNA transcripts at the IG-DMR. In none of these, a poly(A) tail
was present (Figure 1B). Concordantly, BJ1 ES cDNA synthe-
sized using oligo-deoxy-thymine oligonucleotides did not yield
sequence tags at the IG-DMR (in a total of 93 million reads,
data not shown). In contrast, high-throughput sequencing of
cDNA synthesized using random oligonucleotides showed mul-
tiple reads in BJ1 and parthenogenetic ESCs (Figure S1I).
Attempting different combinations of primers, we could not
amplify fragments longer than 500-base pair (bp) using RT-
PCR. In the circular RNA amplifications, concordantly, the
longest product was 750-bp in length, indicating that IG-DMR
RNAs are relatively short. By performing 50-rapid amplification
of cDNA ends (RACE) we unveiledmultiple transcription initiation
sites, and this also confirmed that transcription at the IG-DMR is
bidirectional (Figure 1B). Strand-specific RT-PCR provided
further evidence for bidirectionality (data not shown). Finally,
sequence analysis indicated that the RNAs transcribed from
the IG-DMR do not comprise significant open reading frames.
Combined, these studies indicate that the maternal RNAs at
the IG-DMR have characteristics similar to those of the recently
described enhancer RNAs (eRNAs) (Kim et al., 2010; Wang et al.,
2011a). We called the ncRNAs originating from the IG-DMR
‘‘IG-DMR RNA’’.
Nuclear Localization of IG-DMR RNA in Stem Cells and
Preimplantation Embryos
Despite its relatively low expression (Figure 1G), IG-DMR RNA
was readily detected by RNA fluorescence in situ hybridization
(RNA-FISH) as single foci in the nuclei of ESCs and pluripotent
iPS cells (Figures 2A, left and S3C). We also performed RNA-
FISH for Gtl2 ncRNA, which accumulates as single cloud-
shaped foci in the nucleus (Figure 2A, right). IG-DMR RNA was
located adjacent to the Gtl2 RNA signal, indicating an indepen-
dent regulation (Figures 2B and S3C). Combining RNA- and
DNA-FISH, we found that the IG-DMR and Gtl2 ncRNA foci co-
localized with the Dlk1-Dio3 domain (Figure 2C).
To ensure that our findings in stem cells reflected the
situation in the preimplantation embryo, we performed RNA-
FISH on 3.5 days postcoitum (dpc) blastocysts. Gtl2 RNA accu-
mulated as single nuclear foci in the inner cell mass cells of
blastocysts (Figure S2A), confirming that this gene is imprinted
at 3.5 dpc (Sato et al., 2011). IG-DMR RNA foci were also
clearly present, were monoallelic and located adjacent to the
Gtl2 RNA foci (Figure 2D), precisely as in the pluripotent ES
and iPS cells.
To assess relative RNA stability, BJ1 ESCs were treated
with 5,6-dichloro-1-beta-D-ribofuranosyl-benzimidazole (DRB),
which abrogates RNA-Pol II elongation. Whereas at some en-
hancers, ncRNA expression is insensitive to DRB (De Santa
et al., 2010), this and other inhibitors of cyclin-dependent kinase
9 have marked transcriptional effects at others (Hah and Kraus,
2014; Kaikkonen et al., 2013). We first analyzed the imprinted
nuclear ncRNA Kcnq1ot1 (transcribed from the KvDMR1) and
confirmed its published DRB-sensitivity (Terranova et al.,
2008). DRB treatment led to a substantial reduction of the focal
spots of IG-DMR RNA after 15–30 min, and by real-time RT-
PCR analysis, RNA was no longer detected after 60 min, which
confirms the RNA-Pol II dependence of IG-DMR transcription.lopmental Cell 31, 19–33, October 13, 2014 ª2014 Elsevier Inc. 21
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Figure 2. Nuclear RNA Detection at the
IG-DMR in ESCs and Blastocysts
(A) RNA-FISH with a 10-kb probe comprising the
IG-DMR. RNA foci were readily detected in 57% of
BJ1 cells (n = 77). Gtl2 RNA foci were observed in
80%of cells (n = 88). DNAwas counterstainedwith
DAPI (blue); nuclei are delineated by a dashed line;
scale bar, 2 mm.
(B) Dual RNA-FISH for IG-DMR and Gtl2 RNAs;
93% of IG-DMR RNA signals are associated to
Gtl2 foci.
(C) DNA-FISH with BAC probe 421C16, covering
the central portion of the imprinted domain (see
Figure 3), combined with RNA-FISH for IG-DMR
RNA (left) or Gtl2 RNA (right).
(D) Dual RNA-FISH of IG-DMR RNA and Gtl2 RNA
shows cis-localized foci in ICM cells of blastocyst.
Scale bar, 20 mm. Higher magnifications of repre-
sentative cells are shown.
See also Figure S2.
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ICR ncRNA Expression Controls Genomic ImprintingNuclear Gtl2 RNA foci showed a higher stability, with full disap-
pearance of foci after 90–120 min of DRB treatment. Concor-
dantly, real-time RT-PCR showed high stability of spliced Gtl2
RNA (Figures S2B and S2C).
Differential Replication and Subnuclear Localization of
the Imprinted Domain
Differential replication timing has been reported for several
monoallelically expressed loci, including the X chromosome,
the H19-Igf2, and Snrpn imprinted domains and the pluripo-
tency gene Nanog (Gribnau et al., 2003; Kitsberg et al., 1993;
Miyanari and Torres-Padilla, 2012). To explore whether there
is differential replication at the Dlk1-Dio3 domain, DNA-FISH
was performed using a bacterial artificial chromosome (BAC)
probe (421C16) that spans 177-kilobases (kb) downstream of
Dlk1 including the IG-DMR and Gtl2. Prior to DNA-FISH, nuclei
were treated with RNase-A to exclude any cross-reactivity with
nuclear RNAs. In BJ1 and JB1 ESCs, about 40% of cells
showed one Doublet and one Singlet signal (Figures 3A and
3C). In these cells, chromatid separation had occurred along
the domain on one, but not yet the other homolog. A high
frequency of Doublet-Singlet signals was evident in iPS
cells as well (Figure S3D). In parthenogenetic ESCs, 70% of
the scored nuclei showed two Doublets, indicating that the22 Developmental Cell 31, 19–33, October 13, 2014 ª2014 Elsevier Inc.maternal chromosome replicates early.
In androgenetic stem cells, in contrast,
82% of nuclei showed two Singlets,
and only 17% showed one Doublet and
one Singlet, indicative of mostly late
replication on the paternal chromosome
(Figures 3B and 3C). These findings
agree with a study in which 5-bromo-
2’-deoxy-uridine incorporation was as-
sessed in early versus late S-phase
ESCs, and in which the Dlk1-Dio3
domain was among a few genomic re-
gions at which both extensive early and
extensive late replication were observed(Hiratani et al., 2008). A second BAC probe (41I14), located
150-kb distal to Dlk1 and within a different 3D topological
interaction domain defined by high-throughput chromosome
conformation capture (Dixon et al., 2012), showed a signifi-
cantly lower frequency of Doublet-Singlet signals (14%) in
BJ1 and JB1 ESCs, indicative of largely synchronous replication
(Figure 3A, data not shown).
Next, we explored whether the allelic gene expression and
replication timing correlated with differential subnuclear locali-
zation. DNA-FISH was performed on ESCs with BAC probe
421C16. To discriminate the parental chromosomes, we per-
formed concomitant RNA-FISH against Gtl2 RNA, which
accumulates onto the maternal chromosome. We measured
the 3D-distances between the DNA-FISH signals and the
nuclear periphery. On average, the paternal Dlk1-Dio3 locus
was located closer to the nuclear membrane than the maternal
locus (Figure 3D). Each nucleus was then divided into three
compartments of equal volume (outer, middle, and inner), and
DNA-FISH signals were assigned to one of these compart-
ments based on their relative 3D distance to the nuclear periph-
ery. The maternal Dlk1-Dio3 domain was found to be located
frequently in the inner volume of the nucleus, whereas on the
paternal chromosome the locus was mostly in the outer volume
(Figure 3E).
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Figure 3. Differential Replication Timing and Subnuclear Localization of the Dlk1-Dio3 Domain
(A) Dual DNA-FISH combining BACs 421C16 (red line; red signals) and 41I14 (green line; green signals). In BJ1 and JB1 cells, 40% nuclei show clear Doublet-
Singlet signals for 421C16 (arrowheads and high-magnifications). Probe 41I14 showed 14% Doublet-Singlet signals (n = 176). Scale bar, 2 mm.
(B) DNA-FISH with BACs 421C16 and 41I14 on parthenogenetic ESCs. Scale bar, 2 mm.
(C) Frequencies of Singlet-Singlet, Doublet-Singlet, and Doublet-Doublet patterns for BAC-421C16 in the cell lines analyzed. Data were analyzed by a two-sided
Fisher’s exact test; for each cell line, the number of counted nuclei is indicated. Significance is denoted by *p < 0.05 and ***p < 0.001.
(D) Subnuclear localization of theDlk1-Dio3 domain (probe 421C16) in BJ1 ESCs. Box plots represent the distribution of the distances from the nuclear membrane
for thematernal and the paternal chromosomes. Data shown represent themean ± SEMandwere analyzed by a two-tailed unpaired Student’s t test. Significance
is denoted by ****p < 0.0001.
(E) Nuclei were divided into three compartments of equal volume (outer, middle, and inner) and 421C16 FISH signals were grouped according to these
compartments. Maternal and the paternal chromosomes are represented as white and gray columns, respectively.
See also Figure S3.
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Maintenance of Imprinting
RNAi-mediated approaches have been used to target nuclear
ncRNAs (Lai et al., 2013; Lam et al., 2013). To explore the role
of IG-DMR RNA expression, we developed a short hairpin RNA
(shRNA)-based approach. For this, two retroviral constructs
were made that expressed shRNAs directed against two
different regions of the IG-DMR (Figure 4A). As a strategy to in-
crease the presence of Dicer-processed siRNA in the nucleus,
a hexanucleotide element derived from a nuclear-accumulated
mature microRNA (Hwang et al., 2007) was included into theDeveshRNA sequences. Through a transient approach, using fluores-
cently labeled siRNAs of exactly the same sequence, we first
confirmed that the processed siRNAs comprising the nuclear
localization signal accumulated in the nuclei of BJ1 ESCs,
48 hr after transfection (Figure S4A). This transient approach
had a minor effect on IG-DMR expression only (Figure S4B), pre-
sumably because of the low percentage of transfected cells
(30%) and the transient nature of the siRNAs. In all subsequent
experiments, the retrovirus-based stable shRNA approach was
used. Following viral infection and puromycin-based selection
of shRNA-expressing cells, two stable BJ1 ES lines showinglopmental Cell 31, 19–33, October 13, 2014 ª2014 Elsevier Inc. 23
AD
F G
sh-1
sh-2
Ctrl
 
shRNA
Maternal
Bi-allelic
Bi-allelic
Oct4-GFP
Bright-field
B
Dlk1 Dio3
Gtl2 RNA
Ctrl
sh-1
sh-2
E
Ctrl
IG-DMR RNA
sh-1
sh-2
C
0
0.5
1.0
1.5
R
el
at
iv
e 
ex
pr
es
si
on
 le
ve
l
shRNA 
retrovirus
Pluripotent 
hybrid ES cells 
Puromycin
selection 
Picking and
expansion of  
colonies
Stable shRNA  
clones
****
0
0.5
1.0
1.5
R
el
at
iv
e 
ex
pr
es
si
on
 le
ve
l
sh-2sh-1shRNA: Ctrl
0
0.5
1.0
1.5
R
el
at
iv
e 
ex
pr
es
si
on
 le
ve
l
shRNA:
shRNA:
Gtl2
**
**
**
**
sh-2sh-1Ctrl
sh-2sh-1Ctrl
Rian
**
**
sh-2sh-1Ctrl
N.S.
N.S.
sh-2sh-1Ctrl
AK050713
**
**
sh-2sh-1Ctrl
AK053394
**
**
**
**
sh-2sh-1Ctrl
Mirg
sh-2sh-1Ctrl
C A C T T CC/T
C A C T T CC/T
C A C T T CT
Dlk1
Maternal 
mostly
Maternal>
paternal
Bi-allelic
BJ1 
gDNA C A C T T CC/T
Dio3
Figure 4. Loss of IG-DMR RNA Expression Affects Imprinting at the Dlk1-Dio3 Domain
(A) Experimental strategy to deplete IG-DMR RNA in ESCs. The representative image to the right shows Oct4-gfp transgene expression in shRNA-positive
colonies.
(B) Loss of IG-DMRRNA expression in sh-1 and sh-2 ESCs compared to control shRNA ESCs (shRNA-Ctrl), for which the relative expression is arbitrarily put at 1.
Depletion of expression is shown for region 7 and was confirmed for regions 6 and 9 also. Data are displayed as the mean ± SEM and were analyzed by a
Student’s t test. Significance is denoted by **p < 0.01.
(C) Absence of nuclear IG-DMR RNA foci in sh-1 (n = 67) and sh-2 (n = 39) cells compared to shRNA-Ctrl ESCs (47% showed foci; n = 43). Scale bar, 2 mm.
(D) Real-time RT-PCR shows loss ofGtl2, Rian,Mirg,AK050713, and AK053394 expression in sh-1 and sh-2 ESCs. Expression is depicted relative to shRNA-Ctrl
cells, arbitrarily set at 1. Data are displayed as the mean ± SEM and were analyzed by a Student’s t test. Significance is denoted by **p < 0.01.
(E) Lack of Gtl2 RNA foci in sh-1 (n = 11) and sh-2 (n = 43) compared to shRNA Ctrl cells (72% show foci, n = 76). Scale bar, 2 mm.
(F) Dlk1 and Dio3 expression levels in sh-1 and sh-2 cells compared to shRNA-Ctrl cells, arbitrarily set at 1. Data are displayed as the mean ± SEM and were
analyzed by a Student’s t test. Significance is denoted by **p < 0.01. Not Significant (N.S.)
(G) Allele-specificity of Dlk1 and Dio3 expression in shRNA-Ctrl and sh-1 and sh-2 ESCs. Following RT-PCR, parental alleles were distinguished by DNA
sequencing.
See also Figure S4.
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ICR ncRNA Expression Controls Genomic Imprintingmaximum silencing for each shRNA were chosen for further
studies. Both lines (named sh-1 and sh-2) showed unaltered
expression of pluripotency markers, as did control shRNA lines
derived and cultured in the same manner (Figures 4A and
S4C–S4E).
In the sh-1 and sh-2 ESCs IG-DMR RNA was no longer de-
tected (Figures 4B and 4C). IG-DMR expression was unaltered
in the shRNA control ES lines with stable shRNAs directed
against other target loci and which were cultured as the sh-1
and sh-2 cells (Figure S6E).
Analysis of the sh-1 and sh-2 cells revealed a lack of expres-
sion of Gtl2, Rian, AK050713, AK053394, and Mirg (Figure 4D),
and nuclear Gtl2 RNA foci were also no longer detected (Fig-
ure 4E). Dlk1 expression was significantly reduced as well (Fig-
ure 4F). Whereas in the embryo, Dlk1 is expressed from the
paternal chromosome (da Rocha et al., 2008), in ESCs Dlk1
expression is from the maternal chromosome mostly (Figures
4G and S1D). High-throughput RNA sequencing showed that
this maternal expression occurred in the sense orientation of
the gene (data not shown). In the sh-1 and sh-2 ESCs, the
allele-specificity of Dlk1 expression was lost, presumably
through loss of the maternal expression given the reduction in
overall expression. Dio3 showed more maternal than paternal
expression in shRNA-Ctrl cells and expression was detected
on both parental genomes in sh-1 and sh-2 cells (Figure 4G).
Though apparently unaltered in the sh-1 and sh-2 cells (Fig-
ure 4F), the absolute levels of Dio3 expression were extremely
low (data not shown) which prevented drawing conclusions.
Deep RNA sequencing and locus-specific RT-PCR showed
that genes at other imprinted domains were unaffected in their
expression levels (Figure 7A). In summary, stable IG-DMR RNA
knockdown had led to specific altered gene expression on the
maternal chromosome at the Dlk1-Dio3 domain.
Altered Replication and Subnuclear Localization in
IG-DMR RNA-Deficient Cells
The sh-1 and sh-2 ESCs showed a significant reduction in
Doublet-Singlet DNA-FISH signals with BACprobe 421C16, indi-
cating loss of differential replication timing (Figures 5A, 5B, and
S5A). A shorter mean 3D-distance between the Dlk1-Dio3
domain and the nuclear periphery was also apparent (Figure 5C).
The domain had acquired on average a more peripheral subnu-
clear localization (Figure 5D).
To explore whether the position of the Dlk1-Dio3 domain
relative to the chromosomal territory had become altered,
DNA-FISH was performed by using both a DNA probe staining
the entire chromosome-12 (CT12) and BAC probe 421C16 (Fig-
ure S5B). In control ESCs, about 50% of the cells showed
localization of a Dlk1-Dio3 Singlet into the chromosomal terri-
tory (Inside) and 40% at the periphery (Edge) of the CT12
signal. This percentage was similar in the sh-1 and sh-2 cells
(Figure S5C, left graph). Furthermore, by looking specifically
at Dlk1-Dio3 domain Doublets, we found that the location of in-
dividual chromatid relative to CT12 was unaltered in the sh-1
and sh-2 cells (Figure S5C, right graph). Thus, whereas the
domain was on average relocated closer to the nuclear enve-
lope in the sh-1 and sh-2 ESCs (Figure 5C), this positional
change did not correlate with a change in the subchromosomal
positioning.DeveIG-DMR RNA Expression Prevents Acquisition of
De Novo Methylation
To better understand the perturbed gene expression and DNA
replication; we assessed histone and DNAmethylation. Previous
studies had reported H3K4me2 at the IG-DMR in ESCs,
including in ESCs grown in 2i medium under serum-free condi-
tions, but not in MEFs (Henckel et al., 2009; Marks et al., 2012;
Stadler et al., 2011) (Figure S1E). In the shRNA-Ctrl ESCs high
levels of H3K4me2 were detected, on the maternal chromosome
only. In the sh-1 and sh-2 cells, a strong reduction of H3K4me2
was observed, with no longer preferential maternal precipitation
(Figures 6A and 6B). A marked decrease in H3K4me2 was also
detected at the Gtl2 promoter. H3K4me2 levels at the Oct4 pro-
moter were unaltered (Figure 6A).
Similarly as at other ICRs, the DNA-methylated allele of the
ICR is enriched in H3-lysine-9 trimethylation (H3K9me3), both
in ES and differentiated cells (Girardot et al., 2014). The same
was observed in shRNA-Ctrl ESCs. In sh-1 and sh-2 cells, how-
ever, there was biallelic H3K9me3 enrichment, due to aberrant
acquisition of this repressive mark on the maternal chromosome
(Figures 6A and 6B).
H3K4me2 prevents de novo DNA-methyltransferase 3A/DNA
methyltransferase 3L (DNMT3A/3L) complexes to methylate
DNA in the context of chromatin (Ooi et al., 2007). Given that
the sh-1 and sh-2 cells had strongly reduced H3K4me2 at
the IG-DMR, we explored whether DNA methylation had
become altered at the IG-DMR as well. Methylation was
assayed first by digestion with McrBC (an enzyme which
digests partially and completely methylated DNA), followed
by qPCR to quantify the remaining unmethylated DNA in the
reciprocal hybrid BJ1 and JB1 ESCs lines and on seven
additional control (C57BL6 3 JF1)F1 ES lines (named BJ3–
BJ9). No aberrant DNA methylation was detected in these
independent lines (Figure S6A). Using bisulphite sequencing,
as expected, in the shRNA-Ctrl ESCs we found that the
paternal allele was highly methylated across the IG-DMR and
little DNA methylation was detected on the maternal allele
(Figure 6C).
In the sh-1 and sh-2 ESCs, digestion with McrBC showed a
major gain of DNA methylation at the IG-DMR. This was not
observed in seven control shRNA ES lines (derived from BJ1)
directed against other targets, such as the H19, Zdbf2, and
Cdkn1c loci, and cultured as the sh-1 and sh-2 cells (Figure S6D).
Bisulphite sequencing confirmed that both the parental alleles of
the IG-DMR were highly methylated in the sh-1 and sh-2 cells
(Figure 6C).
Despite the acquisition of biallelic H3K9me3 and DNA methyl-
ation, there was no reduced precipitation of nonphosphorylated
RNA-Pol II at the IG-DMR in the sh-1 and sh-2 cells (Figure S6F),
and precipitation occurred on both parental chromosomes
(Figure S6G). This finding agrees with the observed biallelic pre-
cipitation in the BJ1 ESCs (Figure S1F). At the KvDMR1 ICR, in
agreement with published work (Terranova et al., 2008), RNA-
Pol II was detected on the paternal allele only (Figure S6G).
The Dlk1-Dio3 locus comprises one further DMR, the Gtl2
promoter. This somatic DMR acquires DNA methylation in the
preimplantation embryo, on the paternal allele, the allele
whose expression is not activated by the IG-DMR (Sato et al.,
2011). Whereas in the control ESCs, H3K9me3 and DNAlopmental Cell 31, 19–33, October 13, 2014 ª2014 Elsevier Inc. 25
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(A) Dual DNA-FISH with BACs 421C16 (red signal) and 41I14 (green signal) in shRNA-Ctrl and sh-1 and sh-2 ESCs. Scale bar, 2 mm.
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the sh-1 and sh-2 cells these repressivemarks were biallelic (Fig-
ures 6A and 6C).
Perturbed Gene Expression Persists during
Differentiation and Affects Neurogenesis
Genes of theDlk1-Dio3 domain are expressed in multiple tissues
and contribute to different developmental processes, particu-
larly neurogenesis (Ferro´n et al., 2011; Zhou et al., 2010).
The domain’s perturbed expression in the sh-1 and sh-2 ESCs
was therefore expected to affect their developmental potential.
Compared to the BJ1 and shRNA-Ctrl ESCs, sh-1 cells contrib-
uted poorly to chimera formation. Of 139 blastocysts injected
with sh-1 ESCs, only seven animals were born after transfer
into recipient females; none of these showed coat color
chimerism (data not shown). Of 125 blastocysts injected with
shRNA-Ctrl ESCs, 18 chimeric animals were born (data not
shown). This finding agrees with the reported embryonic death26 Developmental Cell 31, 19–33, October 13, 2014 ª2014 Elsevier Iresulting from deletion of the active maternal allele of the
IG-DMR (Lin et al., 2007).
We further explored the developmental consequences of the
perturbed imprinted gene expression by differentiation of ESCs
into embryoid bodies (EBs) and neural cells (Figures 7A and
7B). EBs and cortical neurons differentiated from sh-1 and
sh-2 ESCs showed absence of expression at Gtl2, Rian,
and AK050713. However, expression of the microRNA gene
Mirg was reactivated upon differentiation of sh-1 and sh-2
ESCs into neurons.
Dlk1, Rtl1, and Dio3 acquired normal expression levels upon
differentiation (Figures 7A and 7B). In shRNA-Ctrl ES-derived
cortical neurons, as expected, Dlk1 was expressed from the
paternal chromosome mostly. In contrast, biallelic expression
was detected in neurons differentiated from sh-1 and sh-2
ESCs. Dio3 expression remained largely biallelic upon cortical
neurogenesis, both in the control and sh-1 and sh-2 neural cells
(Figure 7D). Rtl1/Rtl1as expression in the control ES-derivednc.
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ICR ncRNA Expression Controls Genomic Imprintingcortical neurons was maternal, which corresponds to the Rtl1-
antisense (Rtl1as) transcript, an ncRNA that negatively controls
the protein-codingRtl1 gene on the paternal chromosome (Davis
et al., 2005). sh-1 and sh-2 derived neural cells showed Rtl1
expression from the paternal chromosome only, a likely conse-
quence of the loss of Rtl1as expression on the maternal chromo-
some. Genes at other imprinted domains showed unaltered
expression in the EB and cortical cells differentiated from sh-1
and sh-2 ESCs (Figures 7A and 7B).
Differentiation of control and sh-1 and sh-2 ESCs into EBs
induced a loss of expression of pluripotency genes and acti-
vated markers of the three germ layers, Afp, Islet1, Nestin,
Cd31, and Blbp (Figure 7A). The in vitro induced neuronal
differentiation of sh-1 and sh-2 cells was generally comparable
to that of the control shRNA ESCs, with induction of the pan-
neural markers Nestin, Blbp, Tubb3, and Gfap (Figure 7B).
Immunofluorescence studies showed that most cells were
Pax6- and/or Nestin-positive after 12 days of corticogenesis,
with extensive Tubb3 protein staining in developing neurons
(Figure 7C). At this stage, neurons (Tubb3+ cells) were similarly
obtained from shRNA-Ctrl and sh-1 and sh-2 cells (Figure 7C),
with unaltered expression of proliferation markers (Ki67 and
Pcna, data not shown). Concordantly, level of RNAs for cortical
markers Pax6, Bcl11b, and Brn2 were globally equivalent
between control and sh-1 and sh-2 derived neural cells
(Figure 7B).
At day 12 of corticogenesis, the cortical progenitor marker
Emx1 and the cortical layer marker Tbr1, which regulates
regional, laminar identity in postmitotic neurons (Bedogni et al.,
2010), both showed strongly reduced expression in the sh-1
and sh-2 derived neural cells (Figure 7B). The reduced Tbr1
expression correlated with a reduction in Tbr1-positive neural
cells (Figure 7C). The reduced Tbr1 expression persisted till
21 days of differentiation, indicating that it was not due to a
developmental delay.
To explore whether the aberrant DNA methylation at the
Dlk1-Dio3 locus had persisted upon differentiation, bisulphite
sequencing was performed on the differentiated neural cells.
The aberrant de novo DNA methylation patterns acquired at
the IG-DMR and theGtl2 promoter persisted upon differentiation
of the sh-1 and sh-2 cells into neurons (Figure 7E). This finding
provides an epigenetic explanation as to why the perturbed
expression patterns at the Dlk1-Dio3 domain were largely herita-
ble in the ESC progeny.
DISCUSSION
The Dlk1-Dio3 domain is controlled by an intergenic ICR, the
IG-DMR (Lin et al., 2003). The current study shows that on its
unmethylated maternal allele, the IG-DMR expresses ncRNAs
and displays chromatin features that are hallmarks of enhancers.differentiation were quantified by RT-qPCR. Relative levels represent the averag
expression [0%–10%]; dark red, maximum expression measured [90%–100%]).
(C) Immunofluorescence analysis of ES-derived cortical cells (at day 12). Upper
dorsal marker Pax6 (red); scale bar, 20 mm. Lower: sh-1 and sh-2 cells yielded str
(Tubb3+, green) was unaffected; scale bar, 100 mm. Higher magnifications are s
(D) Allele-specificity of expression of the Dlk1, Rtl1/Rtl1as, and Dio3 protein cod
(E) Maintenance of ESC-acquired aberrant DNA methylation following differentia
DeveOn the maternal chromosome, the imprinted domain also dis-
plays early DNA replication, linked to an inner subnuclear posi-
tioning. Loss of IG-DMR ncRNA expression led to a shift to late
replication on the maternal chromosome and repositioning of
the domain toward the nuclear periphery. Disruption of IG-
DMR RNA expression also led to aberrant DNA and histone
methylation and heritably perturbed gene expression at the
domain. We explored the developmental effects and found that
the perturbed gene expression affected the formation of Tbr1-
positive cortical neurons.
The IG-DMR transcribed ncRNAs are RNA-Pol II dependent,
bidirectional, relatively short, nonpolyadenylated, and are de-
tected in cis at the imprinted domain. These characteristics
are similar to those of eRNAs, expression of which has been
linked to enhancer functions (Natoli and Andrau, 2012). The
allelic H3K4me2 and H3K27ac enrichment at the IG-DMR
indicates that this ICR displays chromatin hallmarks of active
enhancers as well (Calo and Wysocka, 2013). RNA-linked
enhancer function would be particularly important in ESCs,
in which the shRNA-mediated knockdown led to loss of
IG-DMR activity and acquisition of aberrant methylation and
H3K9me3. In future work, it should be relevant to determine
whether IG-DMR-mediated transcriptional activation involves
yet-other enhancer-linked chromatin characteristics, such as
recruitment of the Mediator coactivator complex (Lai et al.,
2013).
The IG-DMR expression and chromatin status was consis-
tently linked to replication timing, both in ES and iPS cells. This
finding evokes parallels with the human Prader-Willi syndrome
imprinted domain, where the unmethylated copy of the ICR rep-
licates early in ESCs (Hansen et al., 2010) and activates expres-
sion in cis (DuBose et al., 2012). The allelic activity of the IG-DMR
correlates with a preferential positioning of the maternal im-
printed domain in the inner volume of the nucleus. On the
repressed paternal chromosome, the locus has a more periph-
eral nuclear localization. Also for these spatial features, the
epigenetic and transcriptional status of the ICR seemed impor-
tant, since in the knockdown IG-DMR cells there was a radial
repositioning toward the nuclear periphery on the maternal
chromosome.
The central part of theDlk1-Dio3 domain comprisesmaternally
expressed ncRNA genes, including Gtl2. The IG-DMR and Gtl2
ncRNAs are in part retained in the nucleus and are readily de-
tected as nuclear RNA signals at the imprinted locus. This local
ncRNA concentration in cis might be involved in recruiting fac-
tors to set up a particular chromatin status (Ørom and Shiekhat-
tar, 2013). The ncRNA expression also correlated with an inner
positioning in the nucleus, similarly aswas reported for transcrip-
tionally active developmental gene loci (Wiblin et al., 2005). This
allelic inner positioning of the imprinted domain could be medi-
ated by interactions with transcriptional machineries that residee of three independent experiments, depicted as a heat map (white, minimal
: the majority of cells are neural progenitors (Nestin+, green) that express the
ongly reduced numbers of Tbr1+ cells (red) while the gross number of neurons
hown below; scale bar, 20 mm.
ing genes in ES-differentiated day 12 cortical neurons.
tion into cortical cells (day 12). Analysis was as in Figure 6C.
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ICR ncRNA Expression Controls Genomic Imprintingmostly in this subnuclear space. Finally, the early DNA replication
timing on the maternal chromosome might contribute to the
maintenance of a transcriptionally favorable state and its linked
positional information. In different earlier studies, the mainte-
nance of a transcriptionally active chromatin state was found
to be mechanistically linked to replication early in S-phase
(Me´chali, 2010).
At only one other imprinted domain, themouse Igf2-H19 locus,
both differential replication timing and differential subnuclear
localization had been reported (Gribnau et al., 2003). Also,
studies on nonimprinted genes have provided links between
chromatin, subnuclear localization, and replication timing. An
example is the human b-Globin locus, where changes in nuclear
localization, general hyperacetylation, and changes in chromatin
structure are part of the gene’s activation mechanism (Kim et al.,
2010).
A scenario to explain the observed effects is that IG-DMRRNA
expression on the maternal chromosome maintains an active
chromatin state in embryonic cells. The shRNA-mediated knock-
down of IG-DMR expression would have interfered with this
function, leading to a loss of ‘‘active chromatin’’ marked by
H3K4me2. This, in turn, can trigger the aberrant de novo methyl-
ation, presumably by Dnmt3a (and Dnmt3L), which is highly ex-
pressed in stem cells. Such a mechanism was reported for
different long ncRNAs whose expression maintains active chro-
matin characterized by H3K4 methylation (Cabianca et al., 2012;
Wang et al., 2011b). The IG-DMR RNA expression in ESCs, iPS
cells, and blastocysts, and its loss upon differentiation and in
different adult tissues, suggests that pluripotency factors might
be involved and may protect against acquisition of repressive
chromatin. Such a pluripotency-linked protective mechanism
was shown to act on the IGF2-H19 domain’s ICR, at which
loss of an OCT4/SOX2 binding site leads to aberrant acquisition
of de novo DNA methylation in the early embryo (Poole et al.,
2012).
There was also aberrant acquisition of H3K9me3 at the IG-
DMR in the sh-1 and sh-2 stem cells, in which this repressive his-
tone modification had become biallelic. Whether, similarly as in
nematodes, H3K9me3 acquisition is a direct consequence of
the RNAi approach against bidirectional nuclear RNAs (Gu
et al., 2012), or rather, would be an indirect consequence of
the acquired de novo DNA methylation (Henckel et al., 2009),
is yet unknown. A mechanism that links the two epigenetic mod-
ifications involves ZFP57. In embryonic cells, this Kru¨ppel asso-
ciated box-domain zinc-finger protein binds to the methylated
alleles of ICRs and recruits the KAP1 complex, through which
the H3-K9 methyltransferase Eset is brought to the chromatin
(Girardot et al., 2014; Quenneville et al., 2011).
The Gtl2 promoter had also acquired de novo methylation in
the IG-DMR shRNA ESCs. The latter phenotype is likely an indi-
rect consequence of the loss of the IG-DMR activity (Kagami
et al., 2010; Lin et al., 2007). Loss of IG-DMR RNA expression
would have induced loss of Gtl2 promoter activity on the
maternal chromosome, which, in turn, induced aberrant
de novo DNA methylation. In the embryo, this scenario normally
acts on the paternal Gtl2 allele, which acquires de novo DNA
methylation at around the blastocyst stage (Sato et al., 2011).
Like for other enhancers, it remains unknown how ncRNA se-
quences could be involved in regulating gene expression at30 Developmental Cell 31, 19–33, October 13, 2014 ª2014 Elsevier Idistant promoters. A proposed hypothesis (Redmond and Car-
roll, 2013) is that enhancer-transcribed RNAs could transiently
stabilize chromatin interactions between enhancers and pro-
moters. Although the IG-DMR-RNA was indeed detected in cis
as nuclear foci in stem cells, future work should explore whether
specific RNAs transcribed from the IG-DMR have such a
function.
Whether IG-DMR RNA expression is relevant to other types of
stem cells is yet unknown. However, imprinting switches do
occur at the Dlk1-Dio3 domain in neuronal stem cells (Ferro´n
et al., 2011), and we detected IG-DMR RNA expression in
different neuronal tissues. Dlk1 shows a developmentally pro-
grammed loss of imprinting in postnatal neuronal stem cells
and niche astrocytes, which is linked to DNA methylation
changes at the IG-DMR (Ferro´n et al., 2011). In ESCs, Dlk1
expression was detected from the maternal allele mostly, and
this depended on the IG-DMR. Dlk1 expression increased
strongly upon differentiation into EBs and neural cells. It became
imprinted, from the paternal allele only, in the differentiated con-
trol ESCs, but remained biallelic upon differentiation of IG-DMR
shRNA cells. Genetic and biochemical studies indicate that the
maternally expressed Gtl2 ncRNA could be involved in the
maternal repression of Dlk1 in differentiated cells, possibly
through recruitment of Polycomb repressive complexes (Kaneko
et al., 2014; Zhao et al., 2010; Zhou et al., 2010). This hypothesis
would explain that in the differentiated sh-1 and sh-2 cells (in
which the loss ofGtl2 expression was retained), Dlk1 expression
remained biallelic.
The aberrant epigenetic changes did not become corrected
upon ESC differentiation. Once acquired, they persisted
throughout differentiation, similarly as for the unaffected methyl-
ation pattern on the paternal chromosome. Given the dominant
role of DNA methylation in imprinting (Henckel et al., 2009), not
surprisingly, the abnormal imprinted gene expression persisted
in the EBs and cortical neurons as well. This developmental sce-
nario is similar to that for imprinting-related diseases in humans,
in which aberrant DNAmethylation patterns arise in the early em-
bryo and persist during subsequent development (Hirasawa and
Feil, 2010). Whereas Gtl2 was fully repressed, we noted that the
Mirg gene was reactivated in the sh-1 and sh-2 derived neural
cells. This finding shows that the differentmaternal ncRNA genes
at the imprinted domain depend differently on the IG-DMR in
neural cells than in ESCs.
Our data agree with recent studies on ES and iPS cells, in
which appropriate activation of gene expression at the Dlk1-
Dio3 domain was linked to developmental potential (Carey
et al., 2011; Liu et al., 2010; Stadtfeld et al., 2010). The shRNA-
induced specific perturbation of the IG-DMR affected gene
expression on the maternal chromosome, with loss of activation
of the maternal ncRNAs and a partial derepression of the
paternal protein-coding genes upon differentiation. Conse-
quently, the IG-DMR RNA deficient ESCs no longer yielded chi-
meras and displayed abnormal neural differentiation.
Our corticogenesis experiments revealed a specific develop-
mental effect linked to the perturbed imprinted gene expression.
Whereas neuronal differentiation of sh-1 and sh-2 ESCs was
generally comparable to that of the control shRNA ESCs, strik-
ingly, Emx1- and Tbr1-expressing neurons were much less
abundant in the IG-DMR sh-derived neural cells. Targetednc.
Developmental Cell
ICR ncRNA Expression Controls Genomic Imprintingdeletion of Tbr1 in the mouse affects the regional and laminar
identity of postmitotic neurons in the developing neocortex,
and this transcription factor was found to regulate marker genes
of autism and mental retardation (Bedogni et al., 2010). Our dis-
covery therefore suggests that the Dlk1-Dio3 domain could play
a role in the structuring and function of the cortex. This putative
role needs to be explored in future studies and might explain the
mental retardation in childrenwith paternal uniparental disomy of
chromosome-14, where the human DLK1-DIO3 domain resides
(Chu et al., 2004).
EXPERIMENTAL PROCEDURES
ESC Derivation and Differentiation
ESCs were derived in 2i medium in serum-free conditions (Ying et al., 2003).
Monoparental ES lines PR8 (Khosla et al., 1999), PAGBT6, AGB6 (Eckardt
et al., 2007), and AK2 (Dean et al., 1998) were previously derived. ES line
WTB1 constituted a control for pronuclear transfer manipulation (Eckardt
et al., 2007). ES and iPS cells were cultured on gelatin-coated dishes in feeder-
and serum-free conditions in ESgro-complete-plus medium (Millipore) and
were serially passaged using Accutase (Millipore). Primary MEFs were derived
from 13.5 dpc fetuses and were cultured in Dulbecco’s modified Eagle’s
medium with 15% fetal bovine serum. To generate cortical cells in vitro,
ESCs were differentiated as reported previously (Gaspard et al., 2009). Further
details are provided in the Supplemental Experimental Procedures. Institu-
tional Review Board approval for the use of animals was obtained from the
Montpellier animal network (Re´seau Animalerie de Montpellier), France.
Retroviral Short Hairpin RNA Constructs
Short hairpin DNA oligonucleotides corresponding to two distinct regions
(regions 4 [sh-1] and 7 [sh-2]) along with nontargeting control shRNA were
designed, synthesized, and cloned into pSIREN-retroQ (Clontech). Virus prep-
aration, ESC infection, derivation of stable shRNA-expressing ES lines, and
transient siRNAs are described in the Supplemental Experimental Procedures.
RNA Expression Analysis
cDNA was made from total RNAs, and transcript abundance was determined
by quantitative cDNA amplification. Circular RNA amplifications and 50-RACE
experiments are detailed in the Supplemental Experimental Procedures.
Plasmids and Bacterial Artificial Chromosomes
Bacterial artificial chromosomes RP23-421C16 and RP23-41I14 were ob-
tained from Invitrogen. The Gtl2 cDNA probe (6831921) was obtained from
Openbiosystems. For the 10-kb IG-DMR RNA-FISH probe, the IG-DMR
plus flanking regions were PCR-amplified and cloned into pCR4-TOPO4
(Invitrogen).
DNA- and RNA-FISH
DNA-FISH was performed as described (http://www.epigenesys.eu/images/
stories/protocols/pdf/20111026161445_p08.pdf). For RNA-FISH on blasto-
cysts, embryo collection, zona pellucida removal, and attachment to glass
slides were performed as described (Coonen et al., 1994). Fixation was in
4% paraformaldehyde, 5% acetic acid, 0.9%NaCl for 20 min at room temper-
ature. To estimate the frequency of replication events (scored as Doublets), the
minimum distances separating adjacent nuclear DNA-FISH signals were
measured: 3D stacks were collected (optical sections were collected at
0.4 mm intervals along the z axis). Relative 3D-distances between the two
closest centers of FISH signals were analyzed using ZEN2011 software (Zeiss).
A minimum 3D-distance value of 0.78 mm ± 0.34 (n = 71) measured between
two closest spots was defined as a Doublet. DNA-FISH for CT12 territory
determination and RNA-FISH are described in the Supplemental Experimental
Procedures.
Statistical Analysis
DNA-FISH replication data were analyzed with a two-sided Fisher’s exact test;
significance is denoted by *p < 0.05; **p < 0.01; ***p < 0.001; and ****p <Deve0.0001. For 3D nuclear distance measurements, we applied a two-tailed
unpaired Student’s t test; significance is denoted **** and p < 0.0001. For
ChIP data analysis, error bars indicate standard deviations of technical tripli-
cates of experiment. Statistical analysis of gene expression data was by
Student’s t test. Data are expressed as mean ± SEM and statistical signifi-
cance is denoted as for the DNA-FISH data.
Chromatin Immunoprecipitation and DNA Methylation Analysis
ChIP on native chromatin was as described (Henckel et al., 2009). Precipitated
chromatin was analyzed by allelic and qPCR. DNA methylation was analyzed
by bisulphite sequencing (Henckel et al., 2009).
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